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SUMMARY 

An analysis is made to show that, vhen account is 
taken of sideslip and wing flexibility, the calculated 
rolling maneuverability of an airplane is in good 
agreement with the results obtained from flight tests. 
The method used for taking-into account the effect of 
wing flexibility avoids the complications of successive 
approximations but is nevertheless believed to be more 
nearly accurate than other methods based on semlrigid- 
wing assumption?.  The application of the method to a 
v:ing of tubular shell construction is considered, and 
the procedure is illustrated for a modern pursuit air- 
plane. 

INTRODUCTION 

Flight results obtained from reference 1 and other 
sources indicate that the rolling effectiveness of air- 
planes is in many cases lower than that predicted from 
the theoretical method of reference 2,  based on wind- 
tunnel aileron effectiveness.  Reference 3, on the 
basis of a study of recent experimental data, has sug- 
gested the use of an empirical constant of 0.80 to ac- 
count for the various factors contributing to the 
reduction of rolling effectiveness in flight.  The 
present investigation was undertaken in order to deter- 
mine a procedure that would enable designers to make a 
more nearly accurate prediction of the lateral maneuvera- 
bility of airplanes.  Inasmuch as the important factors 
affecting the rolling maneuverability appeared to be 
sideslip and wing flexibility, the present analysis Is 



concerned principally with a careful determination of the 
influence of these factors and a comparison of the calcu- 
lated with the flight results for rolling effectiveness 
when allowance is made for sideslip and wing flexibility. 

Methods for predicting the effect of sideslip on 
lateral maneuverability are given in references 2, 4, and 
5 but in the present investigation measured sideslip data 
were available and the data were utilized in the com- 
parison of the calculated rolling effectiveness with the 
flight results. 

A method for calculating the loss in lateral control 
due to wing twl3t is given in reference 6.  The method 
presented therein, however, depends on an arbitrarily 
chosen shape for the spanwise twist distribution in con- 
junction with an empirically determined reference section. 
This procedure for obtaining the spanwise twist distri- 
bution, therefore, does not establish for any particular 
case the required equilibrium, at every section, between 
the aerodynamic torque in the rolling maneuver and the 
elastic force of the wing.  For modem airplanes, 
moreover, on which the wings have cut-outs for the landing 
gear and armament that cause comparatively large varia- • 
tions in the spanwise torsional rigidity, it would be 
particularly unlikely that an accurate spanwise trist 
distribution could be obtained frcm an arbitrarily chosen 
shape of spanwise twist distribution and an empirically 
determined reference section. 

In order to obtain greater accuracy in the calcula- 
tions for the effect of wing flexibility on rolling 
maneuverability, a method is developed in the present 
investigation in which the spanwise twist distribution is 
computed on the basis of the actual wing elasticity rather 
than by the method of reference 6.  The required equi- 
librium between the aerodynamic torque and the elastic 
force is established at every section with reasonable ac- 
curacy without the complications of the successive ap- 
proximations ordinarily required to obtain this equilib- 
rium.  It is indicated that the method is applicable 
to modern wing designs having conventional ailerons. 



SYMBOLS 

L      rolling moment, as a vine d positive when rotation 
of right wing is downward; for contributing 
factors, see subscripts 

fl'*2» anc* ^3    factors denoting aspect-ratio correc- 
tion applied to rolling moment com- 
puted on basis of two-dimensional 
flow 

q      dynamic pressure, pounds per square foot (H 
p      rolling velocity, assumed positive when the right 

wing moves dornward, radians per second 

V      true airspeed, feet per second 

ao     slope of lift-coefficient curve per degree at 
infinity aspect ratio,  dc^/da 

c^     lift coefficient at a section, positive upward; 
for contributing factors, see subscripts 

a angle of attack at a section, degrees 

Vj indicated airspeed, miles per hour, (1.467l\/ p  ) 

p air density 

P0 air density at sea level 

cw wing chord at any section, feet 

ca     aileron chord at any section measured from hinge 
line to trailing edge, feet 

y      coordinate measured along lateral axis of air- 
plane, feet 

y1,y2  coordinates indicating, respectively, the fixed 
positions for the inboard and outboard edges 
of the aileron, feet 



(-rj£-J    rate of change of section angle of attack with 
. a/cn     aileron deflection for constant normal force 

at section; used with prime to Indicate the 
value at the section for which wind-tunnel 
data were obtained 

5a       aileron deflection, positive when the right 
aileron IF deflected upward, degrees 

Aöa      total aileron deflection measured as the angle 
between the right and left ailerons, degrees 

0        wing trist, positive when the leading edge of 
right wing moves upward, degrees 

b        wing span, feet 

S        v;ing area 

~=i       aerodynamic twisting moment per unit span taken 
"3" about the aerodynamic center, positive for 

stalling moment, foot-pounds per foot 

(•rip j    rate of change of pitchlng-moraent coefficient 
\° a/cn     per degree aileron deflection for constant 

normal force at section; symbol is primed to 
indicate the value at the section for which 
wind-tunnel data were obtained 

e        distance from aerodynamic center to elastic 
center at a section, positive when aerody- 
namic center i* ahead of elastic center, 
feet 

CL       over-all wing lift coefficient; for contributing 
factors, see subscripts 

M        Mach number; in expression dM/dy,  twisting 
moment 

A(pb/2V)S reduction in helix angle pb/2V due to side- 
slip 

A8a      total aileron deflection required to balance 
steady sideslip 

•se )     value of the helix angle pb/2V measured In 
v/f&     a roll from flight data 
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AGa"", " "' total-aileron-defleotion measured in a roll 
r*      from flight data 

yT       coordinate Indicating fixed spanwise position, 
feet 

T       torsional moment acting outboard.of a section 

Ty1      total aerodynamic twisting moment acting on 
wing outboard of a section, foot-pounds, 

/ /ib/2 

(/;»») 

M'       concentrated torque applied at section near 
wing tip, foot-pounds 

^T.R.    coefficient of torsional rigidity along span, 

which la equal to    ari/<W»    where    d8/dy    Is 
slope of deformation curve resulting from 
concentrated torque M1 

G       modulus of elasticity In shear 

Ajn       area enclosed by line midway between the Inner 
and outer boundaries of thin-walled section 
of wing 

t       wall thickness of wing section 

s        perimeter measured by line midway between inner 
and outer boundaries of thin-walled section 
of wing 

torsion factor equal to 4^ /J  -r- for thin- 
walled tube In which skin has not buckled 

*&* 

B = Söajtecm/döa) c^ 

Subscripts: 

damp     used to denote contribution of aerodynamic 
damping to aerodynamic characteristics of 
airplane 

aileron  used to denote contribution of aileron deflec- 
tion to aerodynamic characteristics of airplane 
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twist    used to denote contribution of wing twisting-to 
aerodynamic characteristics of airplane 

ANALYSIS 

The assumption is made that, during the steady phase 
of a pure roll following the application of the ailerons, 
the rolling moments of an airplane due to the aerodynamic 
damping, the aileron deflection, and the wing twist are 
in equilibrium.  Thus, 

Ldamp + Laileron + Ltwist = ° (1) 

The changes in geometric incidence at any section y, 
which result from the damping, the aileron deflection, 
and the wing twist are, respectively, £2, ($-j£-\ 6a, and 

0.  Prom the lifting-line theory (reference 7), therefore, 
for a symmetrical wing-aileron arrangement, equation (1) 
becomes 

«b/2 
57.3^ 3£ /   a0cwy2 dy 

^0 

/>T2  /da\ /ib/2 
= fg* /      a°(o"o7)  °acwy dy - f3q /   a0lcwy dy (2) 

where the normally insignificant rolling-moment contribu- 
tion due to the drag is neglected, and where p is taken 
to be positive when the right wing moves downward. 

In equation (2),  f-^, fg, and fg are the aspect- 
ratio corrections for the appropriate geometric angle- 
of-attack distribution and plan form and the aerody- 
namic parameters a0 and (öa/ößa)0  refer to values 

appropriate to a Mach number and lift coefficient for the 
altitude and dynamic pressure q under consideration. 
Reference 7 shows that the aspect-ratio correction for 
an elliptical plan form is independent of the spanwise 



distribution of geometric angle of attack:  Calculations- 
indicate, also, that for a wing having conventional 
ailerons and a plan form that approximates the elliptical 
(such as wings having taper ratios of about 1.7:1 to 4:1), 
differences in the values of fly fg, and f3 will 
usually be negligible.  For these cases, therefore, it 
appears Justifiable to eliminate f^, fg,  and f3 from 
equation (2).  (For special cases, where the plan form 
departs from the elliptical to a greater extent than in 
the taper ratios mentioned, the rolling moments in equa- 
tion (1) may be obtained by the method and data given in 
reference 2, in which the antisymmetrical change in 
geometric angle of attack due to wing twist 8,  which 
is to be determined herein, can be treated in the same 
manner as that indicated for the change in angle of at- 
tack due to aileron deflection (da/döfl)„ .) 

Cjl 

The distributions of spanwlse twist 9 for use in 
equation (2) may be obtained from a consideration of the 
aerodynamic torque and the elastic forces acting on the 
wing. 

i 

During the rolling maneuver the lift force at any 
section consists of the component contributed by the 
aileron deflection, which acts at the center of pressure, 
and the components due to the aerodynamic damping and 
wing twisting, which act at the aerodynamic center of 
the section.  This resultant ohordwise lift distribution 
gives a twisting moment at each section having the value 

/do 
1VJ55 2^  ac 2 \ a/cn 

eqc, 2 

+ [claileron + (cldamp + cUwist )] "S^" *7     (3) 

In .equation (3), o^    is taken about the aerodynamic center 
of the sectionj the term in brackets is the resultant lift 
coefficient for the components due to the aileron deflec- 
tion, aerodynamic damping, and wing twisting; and e/cw 
is the distance as a fraction of the chord from the aero- 
dynamic center to the elastic center, reckoned as positive 
to the rear.  In this equation, the first term on the 
right-hand side represents the total twisting moment of 
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the section If the elastic axis coincides with the aero- 
dynamic center and the second term gives the additional 
twisting moment due to the displacement of the elastic 
axis from .the aerodynamic center,  A consideration of 
the additional twisting moment contributed by the dis- 
placement of the elastic center from the aerodynamic 
center shows that the twisting moment will usually be 
small for conventional wing-aileron systems in which the 
ailerons have a span of about 40 to 50 percent of the 
wing span and extend to the spanwise position of about 
90 to 100 percent of the wing semispan.  This low value 
for the additional twisting moment follows from the fact 
that the three-dimensional lift distributions due to the 
aileron deflection, aerodynamic damping, and wing twisting 
tend to have similar shapes because the preponderance of 
the geometric angle-of-ßttack distribution due to each of 
these components is in the outboard region of the wing; 
consequently, because of the equilibrium of the rolling 
moment and the similar shapes for the lift distribution 
of the components, the magnitude of CT.   + CL. iat* 

when each half of the wing is considered separately, will 
generally be opposite in sign and of the same order as 
the magnitude of cLaiieron*  

Tne factor e/cw ls also 
small for usual wing sections because the elastic center 
is in the vicinity of the aerodynamic center.  The addi- 
tional twisting moment in the case of conventional wing- 
aileron systems, therefore, will normally represent the 
product of two snail terms; hence, in most cases, for 
practical limits of accuracy, the last term'in equa- 
tion (3) may be neglected as a second-order quantity. 

In order to estimate the magnitude of the effect on 
the rolling maneuverability of the additional twisting 
moment due to the displacement of the elastic axis from 
the axis of aerodynamic centers, computations were made 
for a typical wing-aileron system having a 40-percent 
aileron span extending to the wing tip in which the 
elastic axis was assumed to be at a constant distance of 
10 percent of the chord length behind the axis of aero- 
dynamic centers.  The computations utilized experimental 
data (furnished by the Army Air Forces), which were ob- 
tained from torsional-rigidity tests for the P-47B wing. 
On the basis of these calculations It is estimated that 
the effect of the 10-percent displacement of the elastic 
axis behind the axis of aerodynamic centers would be to 
increase the rolling effectiveness by an amount of the 
order of 1 peroent or less for the complete range of 
speeds up to aileron reversal.  Inasmuch as the elastic 



axis' in modern wing, designs Is usually located within- 
15 percent of the chord length from the aerodynamic 
center, the conclusion regarding the negligible effect 
of the additional twisting-moment term in equation (3) 
appears to be Justified. 

The subsequent analysis will consider a wing of 
tubular shell construction.  The twist of a section 
at a length y»  from the wing center line may be ex- 
pressed as 

It is shown in references 8 and 9 for the case of tubes 
having closed, sections, such as wings in which the wall 
or skin is thin in comparison with the other dimensions, 
that the angular twist at any section of infinitesimal 
width äy can be expressed in the form 

do _ T ,RN 
dy - W (5) 

where T is the torsional moment acting outboard of the 
section,  G is the modulus of elasticity in shear at the 
section, and K is a factor depending on the dimensions 
of the section and, as long as buckling of the skin does 
not occur, 

K = 
/cds/t 

If a concentrated torque is applied at a section near the 
wing tip,  T in equation (5) is constant along the span 
and is equal to M1  by definition; consequently, equa- 
tion (5) may be written 

KG=  Mf 
d8/dy 

= CT.R. 

by definition of CTiR> 
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The factors K and G depend only on the modulus 
of elasticity In shear and on the dimensions of the 
section and can therefore be considered invariant for 
equivalent loads on the wing as regards T obtained by 
either a concentrated or a distributed torque; conse- 
quently, the equality of the product KG to Crji#R#  is 
similarly valid for the case where T varies along the 
span, or, from equation (5), 

dG    T 
3y " cT.R. 

If this value for d8/dy is substituted into equa- 
tion (4), the twist at the spanwise position y1 be- 
comes 

n7f 

" "/n  ^ 

V = /    ?ehr- ay (6) 

In practice, the variation of C^a^B along the span 
is usually determined by applying a pure twisting couple 
M'  at a section near the wing tip and obtaining the 
slope of the deformation curve d8/dy from measured 
values of the angular twist at various points along the 
span.  The forecoing procedure for determining the span- 
wise distribution of twist 9 in a rolling maneuver is 
illustrated for the case of a modern pursuit airplane 
in table 1(c) and in figures 2, 3, and 4. 

As a result of the foregoing analysis, for the case 
of conventional wing-aileron systems having approximately 
elliptical plan forms of taper ratios from about 1.7:1 to 
4:1, equation (2) may be written 

57.3$ /   aQcwy
2 dy 

= /   ao(döl)c 
öaCw7 dy " J ao8Cw7 d7   (7) 
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where 9 Is determined from equation (-6), In which the 
value of T at any spanwise position y Is- 

•/ 

/2 »b/2 
dy = q/ öaläS)     ^dy (8) 

y *«-*£" <%L 
Equations (7) and (8) are also applicable to the case of 
a symmetrical wing-aileron plan form with differentially 
operated ailerons provided that the average aileron 
deflection is used for 5a.  If (öcm/ööajj,  is obtained 

from low-speed wind-tunnel results, the value of this 
parameter should be multiplied by a compressibility cor- 

rection factor, such as  l/vl - M , when used in equa- 
tion (8).  On the right-hand side of equation (7) the 
first term represents the part of the rolling effective- 
ness contributed by the rigid wing and the second term 
represents the reduction of rolling effectiveness due 
to wing flexibility.  The speed V is contained in 
equation (7) in the expression for 8,  since 9 is ex- 
pressed in equation (6) as a function of T,  and T is 
expressed in equation (8) as a function of q 

1 .2 (or ipV ).  The aileron reversal speed can be obtained 

from equation (7) by plotting p or pb/2V against V 
and noting the speed corresponding to the intersection 
of the curve with the horizontal axis.   If  (da/d6a)c 

and  (öcju/öSa)   can be expressed analytically with 

reasonable accuracy as functions of V,  the aileron 
reversal speed can be obtained by setting the left member 
of equation (7) equal to zero and solving the equation 
for V through 8 as previously explained. 

RESULTS AND DISCUSSION 

Calculated Results 

Calculations were made by the foregoing method for 
the rolling effectiveness of a modern pursuit airplane at 
various speeds.  The details of the computations are 
given in order to illustrate an application of the method. 
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The calculations were made for the P-47C-1-RB air- 
plane for a range of indicated airspeeds from 150 miles 
per hour to the aileron reversal speed at an altitude of 
approximately 4000 feet.  The two-dimensional slope of 
the lift-coefficient curve a0 was assumed constant 
along the span and was therefore eliminated from equa- 
tion (7)•  The dimensions of the wing-aileron system 
were obtained from drawings supplied by the Republic 
Aviation Corporation and are given in figure 1 and . 
table I.  The values for the aerodynamic parameters 

\°°a)c 
and   (j~l in equations   (7)   and  (8), 

'On     \06&Jcn 
respectively, were based on two-dimensional test re- 
sults obtained fron unpublished tests made in the ITACA 
8-foot high-speed tunnel for a section at the midaileron 
span of the P-47C-1-RE airplane.  Because the ratio of 
aileron chord to wing chord varied significantly along 
the span, the test results for the midaileron section 
were extrapolated on the basis of the theoretical curves 
of figure 1 of reference 10 in order to obtain the corre- 
sponding values at the other aileron sections; that is, 
it was assumed that the ratio of the actual aileron ef- 
fectiveness at any section to the theoretical value was 
the same as the corresponding ratio deduced for the 
section tested in the wind tunnel*  Thus, 

/oa\  -  Lv^^nJtheorl?^ \ T      /9x 

where the primed symbols refer to the values as obtained 
for the section tested in the wind tunnel.  A corre- 
sponding" relationship was also assumed for 

The variation with Vi of the parameters 
cn 

[«fc.1 - [<SXJ is shown in figure 2.  The 



13 

values given In the figure are baaed on the unpublished 
data from the 8-foot high-speed tunnel for an aileron 
deflection of ±4° at a wing lift coefficient and Mach 
number appropriate with reasonable accuracy to the 
P-47C-1-RE airplane at an altitude of approximately 
4000 feet. 

The, torsional rigidity of the wing was obtained from 
experimental data furnished by the Army Air Forces, 
Materiel Center, Wright Field, Ohio for a prototype P-47B 
airplane.  The P-47C-1-RIS airplane wing structure Is the 
same as that for the P-47B, although the sharp-nose 
Frise ailerons of the P-47B were modified for the 
P-47C-1-RE by introducing a blunter nose.  The tests at 
Wright Field were made by applying a pure twisting couple 
at a section near the wing tip and measuring the angular 
tirist at various stations along the span.  The varia- 
tions along the vfing semi span of the twist 8  per unit 
M* and of the torsional-rigidity coefficient C^.R.  as 
obtained by the foregoing tests are shown in figure 3. 
The spanwise variations of the aerodynamic twisting 
moment due to the rolling maneuver dW/dy and the re- 
sulting total twisting moment outboard of any section T 
were calculated by means of equation (8).  In the com- 
putations the effect of the displacement of the elastic 
center from the aerodynamic center on the aerodynamic 
torque due to the rolling maneuver was neglected because 
data obtained from the Republic Aviation Corporation 
indicated that the elastic axis for the P-47C-1-RE wing 
was of the order of Sjy percent of the chord length back 
of the quarter-chord point.  The spanwise twist distri- 
bution during the maneuver was computed from equation (6) 
by obtaining the value of T/Crji^j^  at several stations 
along the span and plotting these values as a function of 
the spanwise position y.  The twist at any section is 
then equal to the area of the resultant curve measured 
from the center of the wing span to the desired station. 
The distributions of dM/dy, T,  and 8 In terms of 
the aileron deflection, dynamic pressure, and pitching- 
moment-coefficient derivative at the test section 

[WJ are shown in figure 4. 

The detailed steps and the numerical results obtained 
in the evaluation of the three members of equation (7) per 
unit aileron deflection are shown in table I.  For 
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convenience in making the summation indicated at the end 
of this table, the respective formulas for the three 
terms are referred to as 1(a), 1(b), and 1(c).  The 
specific computations for each term are given separately 
in the.(a), (b), and (c) parts of the table.  It should 
be noted at this point that the unit aileron deflection 
referred to is for one aileron and consequently the 
graphical integration given in the table is divided by 2 
in order to present the results in terms of the total 
aileron deflection A6a. 

On the basis of the foregoing data, 

E^ = 0.00919 

pb/2V 

(St) j' • °-000237{(ä)J    <"> 
where *£?-  is the value of the helix angle per degree 

A6a 
total aileron deflection measured as the angle between 

the right and left ailerons.  Values for 

f7öcmV T and \\ XT" )     for upe in equation (10) were obtained - [(S).J lK u 
from figure 2 at the V^ corresponding to the dynamic 
pressure q. 

The results of the calculations are presented in 
figure 5.  Figure 5(a) gives the variation with Vj of 
the effective helix angle pb/2V per degree total 
aileron deflection both for an assumed rigid wing and for 
the actual flexible wing-in a pure roll at an altitude of 
approximately 4000 feet.  The figure shows that, at 
Vi = 400 miles per hour, the effect of wing flexibility 
is to reduce %£    from 0.00343 to 0.00239, and that A6a 
aileron reversal occurs at V^ = 545 miles per hour. 
Figure 5(b) summarizes the calculated results from 
figure 5(a) and gives the variation with V^ of the 
ratio of rV2v  for the flexible wing to the value for A6a 
the assumed rigid wing.  This figure shows that at 
Vi = 400 miles per hour, the ailerons for the P-47C-1-RE 
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airplane are.only 69 percent as effective In the actual 
flexible wing ää in an"assumed rigicTone.  These 
quantitative results are based.on data for a total aileron 
deflection of 8°.  Because of the variation of compres- 
sibility effects with aileron deflection for Prise 
ailerons the quantitative results may be noticeably dif- 
ferent for very small deflections. 

Comparison of Calculated and Flight Results 

Figure 6 presents a comparison of the calculated 
rolling effectiveness with flight results for the 
P-47C-1-RE airplane for a range of V^ from 150 to 
405 miles per hour at an altitude of approximately 
4000 feet.  The calculated results show the rolling ef- 
fectiveness for the assumed rigid wing and also the 
rolling effectiveness when allowance is made for the wing 
twist and sideslip which accompanied the actual rolling 
maneuver.  The flight data shown In figure 6 are based 
on unpublished results from tests conducted by the NACA 
on the P-47C-1-RE airplane.  In these tests the angular 
deflections of the ailerons represent values measured at 
the Inboard edge of the aileron span.  The measured 
aileron deflections thus eliminate the factor of stretch 
In the aileron control system but the assumption Is made 
that the aileron deflection at the inboard edge of the 
aileron span is representative of the deflections over 
the entire aileron span. 

In figure 6f curve A gives the calculated value 

for P-ip. • • • for the assumed rigid wing In pure rolling. 

Curve B presents the results of curve A corrected for 
the sideslip and wing flexibility.  The magnitudes of 
the corrections due to sideslip as represented by curve C 
were obtained by taking the measured values of the side- 
slip at the time of maximum rolling velocity and then 
employing flight data based on the P-47B" airplane for the 
aileron deflection required to balance the measured 
magnitude of steady sideslip.  As the rolling criterion 
pb/SV is directly proportional to öa,  the' ratio of the 
aileron deflection required to balance the sideslip to 
the deflection measured in the roll is equal to the corre- 
sponding ratio of the loss of pb/2V caused by the side- 
slip to the sum of the measured pb/2V and' the magnitude 
of the reduction in pb/2V contributed by the sideslip. 
This relationship may be expressed in the form 
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vL 
*A  + A/&\   *

6an 2Vyfi  "U2V s 

or by the equivalent formula 

A6a~- A5&a \
ÖV/fl ^)- = IZZT^Z $)t 

where Af £«]  refers to the loss In pb/2V due to side- 

slip, A6a  is the total aileron deflection required to 
balance the sideslip, and the subscript fl is used to 
indicate the mea9ured values obtained in flight.  The 

reduction in %&£.— aue to wing flexibility given in 

curve D of figure 6 represents the difference in rolling 
effectiveness between the rigid and flexible wing as 
determined from figure 5(a).  The flight results in 
figure 6 (designated by circles) represent the average 
value of p%fe2V for right and left rolls.  The flight 

values were obtained for a total aileron deflection of-8 
by plotting the measured valueB of pb/2V against Aöa 
for each of the indicated airspeeds and using the faired 
values of pb/2V at Aöa = 8°, 

The comparison-in figure 6 of the calculated results 
with the flight results indicates good agreement when the 
calculated values for ^v4>— are corrected for wing 

EL 

flexibility and sideslip.  The greater values of rolling 
effectiveness in flight than the calculated values, at 
speeds above approximately Vj = 350 miles per hour, may 
be explained to some extent by the fact that the flight 
results are based on aileron deflections measured at the 
inboard edge of the aileron, whereas the crank for the 
P-47C-1-RE aileron control system is located at the 
center of the aileron span; consequently, the effective 
aileron deflection along the span is likely to be 
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somewhat greater than the value measured at the Inboard 
•edge- because -of the twisting of the,-torque tube. 

On the basis of the foregoirig comparison, it appears 
that, when stretch in the control system is neglected, 
the usual discrepancy which has been found between wind- 
tunnel and flight aileron effectiveness can be fully 
accounted for by the sideslip and wing twist that ac- 
companies the roll. 

In figure 6, as is to be expected, the reduction in 

2-rV— due to sideslip varies approximately inversely aa 

the square of the speed; whereas the loss due to wing 
flexibility increases approximately as the square of the 
speed.   On this basis the trend is for the flight re- 
sults for a certain range of comparatively low speeds to 
show little or no reduction in aileron effectiveness 
with increasing speed because the reduction in pb/2V 
due to the wing twJst is being compensated for by the in- 
crease in pb/2V due to the smaller sideslip at the 
higher speed. 

CONCLUSIONS 

1. The calculated results of the present analysis 
indicate that the ailerons of the P-47C-1-RE airplane 
when deflected ±4° at 400 miles per hour indicated air- 
speed at approximately 4000 feet altitude are only 
69 percent as effective in the actual flexible wing as 
in an assumed rigid wing, and aileron reversal occurs 
at 545 miles per hour indicated airspeed. 

2. The comparison of the calculated rolling effec- 
tiveness baaed on wind-tunnel data for the aerodynamic 
parameters of the win^-eileron system indicates good agree- 
ment with available flight results when allowance is made 
for the sideslip and wing twist which accompanied the roll. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va.. 
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